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The contribution of thymic antigen-presenting-cell
(APC) subsets in selecting a self-tolerant T cell pop-
ulation remains unclear. We show that bone marrow
(BM) APCs and medullary thymic epithelial cells
(mTECs) played nonoverlapping roles in shaping
the T cell receptor (TCR) repertoire by deletion and
regulatory T (Treg) cell selection of distinct TCRs.
Aire, which induces tissue-specific antigen expres-
sion in mTECs, affected the TCR repertoire in a
manner distinct from mTEC presentation. Approxi-
mately half of Aire-dependent deletion or Treg cell
selection utilized a pathway dependent on antigen
presentation by BM APCs. Batf3-dependent CD8a+
dendritic cells (DCs) were the crucial BM APCs
for Treg cell selection via this pathway, showing
enhanced ability to present antigens from stromal
cells. These results demonstrate the division of
function between thymic APCs in shaping the self-
tolerant TCR repertoire and reveal an unappreciated
cooperation between mTECs and CD8a+ DCs for
presentation of Aire-induced self-antigens to devel-
oping thymocytes.
INTRODUCTION
The enormous diversity of adaptive immune receptors allows for
the recognition of a wide variety of pathogens, but comes at the
potential cost of self-recognition and autoimmunity. For CD4+
T cells, self-tolerance starts during T cell maturation in the
thymus where they are instructed by antigen-presenting cells
(APCs) found primarily in the thymic medulla (Derbinski and
Kyewski, 2010; Klein et al., 2014; Stritesky et al., 2012; Weissler
and Caton, 2014). CD4+ T cells bearing T cell receptors (TCRs)
that recognize self-antigens at this stage can be eliminated by
negative selection, which prevents the release of autoreactive414 Immunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc.conventional T (Tconv) cells into the periphery (Palmer, 2003;
Stritesky et al., 2012). Alternatively, self-reactive T cells can un-
dergo differentiation into Foxp3+ regulatory T (Treg) cells, which
are required for the prevention of spontaneous autoimmunity
(Hsieh et al., 2012; Josefowicz et al., 2012; Wing and Sakaguchi,
2010). Because both of these thymic tolerance mechanisms are
driven via TCR signaling, the display of self-antigen onmedullary
APCs is crucial for the education of a self-tolerant T cell popula-
tion (Klein et al., 2014).
The process of generating and presenting a diverse array of
self-antigens is remarkable for its complexity. In contrast to the
involvement of a single APC type for positive selection in the
thymic cortex, multiple APC types contribute to T cell tolerance
in the medulla (Anderson and Su, 2011; Derbinski and Kyewski,
2010; Klein et al., 2014). Broadly, medullary APCs are classified
as being of epithelial origin (medullary thymic epithelial cells
[mTECs]) or of bone marrow (BM) origin. Their role in tolerance
is supported by two key observations. First, genetic deletion or
silencing of major histocompatibility complex class II (MHC II)
expression in either BM cells or mTECs increases the total num-
ber of CD4+CD8– (CD4SP) thymocytes, suggesting that both
APC types are involved in deletion (Bonasio et al., 2006; Hinter-
berger et al., 2010; Ohnmacht et al., 2009). However, changes in
cell numbers may also reflect differences in cell survival, cyto-
kine niches, and/or the rate of thymic egress (Hinterberger
et al., 2011; Lio et al., 2010). Second, TCR transgenic studies
reveal that both mTECs and BM APCs are capable of inducing
Treg cells and negative selection upon presentation of cognate
antigens expressed via a second transgene (Atibalentja et al.,
2011; Cowan et al., 2013; Hinterberger et al., 2010; Proietto
et al., 2008b; Roma´n et al., 2010). However, restricting TCR-
peptide:MHC interactions to single specificities may not be
representative of the naturally occurring T cell population or
developmental niche.While these results highlight potential roles
for these APC types, they do not quantify the impact of BMAPCs
and mTECs on the processes of clonal deletion and Treg cell
selection (Klein et al., 2014).
Medullary tolerance is further complicated by the requirement
of mTEC production of tissue-specific self-antigens (TSAs) to
maintain self-tolerance. Aire (autoimmune regulator) has been
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(Mathis and Benoist, 2009; Metzger and Anderson, 2011).
Despite the importance of Aire in facilitating negative selection
(Liston et al., 2003), its role in Treg cell development is controver-
sial. One TCR repertoire analysis suggests that Aire has little
effect on Treg cell selection (Daniely et al., 2010), which is
consistent with the observation that Aire-deficient mice have
normal Treg cell numbers (Anderson et al., 2005). However,
these findings are contrary to a recent study showing that Aire
is required for thymic Treg cell selection of two TCR transgenic
lines specific to endogenous prostate-specific antigen (Malchow
et al., 2013), as well as studies of TCR:cognate antigen trans-
genic models. As the differences in methodologies and conclu-
sions cannot be easily resolved, the role of Aire in thymic Treg
cell selection remains unclear.
Interestingly, T cell tolerancemayalso require the interaction of
mTECs and BM APCs for presentation of TSAs. Although Aire-
dependent antigens can be autologously presented on mTECs
via autophagy (Aschenbrenner et al., 2007; Hinterberger et al.,
2010; Liston et al., 2003), mTECs can also transfer antigens to
BM APCs for presentation (Aschenbrenner et al., 2007; Gallegos
and Bevan, 2004; Hubert et al., 2011; Taniguchi et al., 2012). An-
tigen transfermay therefore blur the distinction between antigens
that are displayed on BM APCs and mTECs. Because this has
beenaddressed only by TCR transgenic orMHC tetramer studies
(Gallegos and Bevan, 2004; Hubert et al., 2011; Koble and Kyew-
ski, 2009; Taniguchi et al., 2012), the importance of the antigen
transfer pathway versus autologous mTEC antigen presentation
in mediating Aire-dependent tolerance remains unknown.
To systematically characterize the role of Aire and antigen pre-
sentation by BMAPCs andmTECs at a TCR clonal level, we used
a fixed TCRb model to analyze the thymic TCR repertoires that
arise upon blockade of antigen presentation on BM APCs or
mTECs and compared them to TCR repertoires that arise in
the context of Aire deficiency. Our results demonstrate that
BM APCs and mTECs play nonredundant roles in deletion and
Treg cell selection and unexpectedly reveal that amajor pathway
of Aire-dependent tolerance ismediated by antigen transfer from
mTECs to BATF3-dependent CD8a+ DCs.
RESULTS
Both BM APCs and mTECs Mediate Negative Selection
Because the great diversity in polyclonal T cells precludes exper-
imental analysis at the individual TCR level, we and others have
utilized mice in which TCR diversity is limited by a transgenic
fixed TCRb chain (Hsieh et al., 2004; Pacholczyk et al., 2007;
Wong et al., 2007). This allows high-throughput analysis of the
TCR repertoire at the individual TCR level via sequencing of
the variable TCRa chains. To assess the role of MHC II presen-
tation by BM APCs, TClib TCR transgenic Foxp3gfpTcra+/–
MHC II-deficient mice were used as BM donors into irradiated
wild-type (WT) mice. To assess the role of mTECs, TClib
Foxp3gfpTcra+/– BM was transplanted into irradiated C2TAkd
mice, in which MHC II expression is markedly reduced in mTECs
owing to expression of an shRNA to CIITA driven by the Aire pro-
moter (Hinterberger et al., 2010).
Within the CD4SP subset, we sorted Foxp3+ Treg cells and
Foxp3–CD24loCD62Lhi mature conventional T (Tconv) cells andImsequenced their TRAV14 (Va2) chains (Figure S1A available
online). To allow for statistical comparisons of TCR frequencies
between conditions, the pyrosequencing data were filtered to
include those reads present in more than one third of mice in at
least one condition and those present >0.1% in at least one
mouse (Figure S1B). We then plotted the average percentage
of each TCR in the MHC-manipulated versus WT conditions. In
the Tconv cell repertoire, many TCRs were significantly enriched
in MHC II-deficient BM APCs compared with MHC II-sufficient
BM APCs (Figure 1A, data points found below reference line of
MHC II-deficient BMplot). In contrast, fewer TCRswere enriched
when MHC II was reduced on mTECs (Figure 1A, C2TAkd).
We classified TCRs as negatively selected based on an arbi-
trary >5-fold increase in frequency and statistical significance
versus the WT condition. Using these criteria, BM APCs nega-
tively selected approximately 25% of the TCR clones (Figure 1B,
top), representing30% of the Tconv cell population (Figure 1B,
bottom). While a quantitative comparison of negative selection
between BM APCs and mTECs was limited due to differences
in the degree of MHC II reduction achieved experimentally, the
TCR repertoire analysis suggested that both BM APCs and
mTECs are capable of mediating negative selection.
Principal component analyses (PCA) were performed to
further explore the clonal relationship between Tconv cell
TCRs from various backgrounds. Analysis of MHC II-deficient
BMAPCs versusWTdata sets revealed two distinct clusters rep-
resenting TCRs negatively selected on BM APCs (Figure 1C, red
arrow) and unaffected TCRs (Figure 1C, black arrow). Analysis of
C2TAkd versus WT data sets showed a three-factor structure
representing TCRs negatively selected on mTECs (red arrow),
unaffected TCRs (black arrow), and TCRs de-enriched by
C2TAkd (blue arrow) that corresponded to the group of TCRs
in Figure 1A (data points found above reference line, left panel).
It is unclear why Aire-driven C2TAkd leads to a loss of Tconv cell
TCR specificities. One possibility is that these TCRs are simply
the result of stochastic mouse-to-mouse variability. However,
these TCRs show statistical significance by nonparametric tests
and clustering by PCA, suggesting that this is unlikely. Another
untested possibility is that C2TAkd inhibits the positive selection
of these particular Tconv cell TCRs. Because our primary goal
was to study the role of APC subsets in tolerance, we focused
our analysis on TCRs affected by deletion and Treg cell
selection.
We observed negative selection of the Treg cell repertoire by
both mTECs and BM APCs (Figure 2A). Several TCRs were
significantly enriched when MHC II was deleted from BM APCs
(red dots found below the reference line), a phenomenon that
was less pronounced with mTECs. Treg cell TCRs classified as
negatively selected by BM APCs represent approximately 35%
of TCR clones, which accounted for 30% of the Treg cell pop-
ulation (Figure 2B). PCA analysis revealed a cluster of TCRs
associated with negative selection (Figure 2C, red arrows) by
BM APCs, but not mTECs (Figure 2C). Together with the Tconv
cell analysis, these data demonstrate that ablation of MHC II
on BM APCs has a marked effect on the negative selection of
a diverse array of both Treg and Tconv cell TCRs, estimated to
comprise 30% of the analyzed TCR repertoire.
The results of this TCR repertoire analysis implied that certain
TCRs instruct developing Tconv and Treg cells to undergomunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc. 415
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Figure 1. BM APCs and mTECs Mediate
Negative Selection of Conventional T Cells
(A) Changes in Tconv cell TCR frequency with
manipulation of MHC II expression on BM APCs or
mTECs. Data shown are the frequency of Foxp3–
CD4SP TCRs in MHC II-deficient (def.) BM or
C2TAkd versus control chimeras. Red dots indicate
significant differences in TCR frequency (p < 0.05,
Mann-Whitney U).
(B) Summary of effects on the Tconv cell TCR
repertoire with modulating MHC II expression on
mTECs or BM APCs. Data shown are the percent-
age of unique TCRs (top) or total sequences (bot-
tom) in the filtered data set that are negatively
selected based on a statistically significant effect
andR80% decrease in WT frequency.
(C) PCA of TCR frequencies. Red dots/arrow form a
cluster of TCRs (variances:MHC II-def. BM=27.5%,
C2TAkd = 11.1%) that correlate with, but are not
necessarily identical to, thenegativelyselectedTCRs
in (A). Similarly, black dots/arrow represents TCRs
unaffected by deficiency of MHC II in a given APC,
and blue dots/arrow represent TCRs enriched in WT
mice relative to C2TAkd mice (variance = 12.6%).
Centroids represent the middle of a given cluster. A
shorter line represents greater similarity to the
centroid. Data represent three independent experi-
ments with two to three replicates per experiment.
See also Figure S1.
Immunity
Thymic APC Subsets Tolerize Distinct Repertoiresnegative selection. For example, TCR clone NS1 is rare in the
normal Treg cell TCR repertoire, but common when MHC II is
deficient in BM APCs (Figure S2A). To demonstrate the func-
tional role of TCRs in instructing cell-fate decisions in vivo, we
used a retroviral vector to express NS1 in Rag1–/– thymocytes
and injected them into the thymi of chimeras with selective
MHC II deficiency in either mTECs or BM APCs (Figure 2D).
CD4SP cells were readily observed when MHC II was absent
from BM APCs (20%, Figure 2D), a portion of which were
Foxp3+ (data not shown). Similar results were obtained with
another TCR, NS3 (Figure S2B). Thus, these in vivo results pro-
vide independent validation for the TCR repertoire analysis
showing negative selection by BM APCs.
BMAPCs andmTECs Select Nonredundant Thymic Treg
Cell Pools
In conjunction with the enrichment of certain Treg cell TCRs with
MHC II ablation on BM APCs, there was also a loss of distinct
TCRs from the Treg cell repertoire (Figure 2A, red dots above
reference line). As Treg cell differentiation is driven by self-recog-
nition, the decrease in frequency of certain TCRs would be
consistent with the loss of Treg cell selection mediated by BM
APC antigen presentation (Figure 2B). While the diminished
MHC II expression on mTECs affected the negative selection
of a small number of Tconv and Treg cell TCRs, it led to a
decrease in the frequency of many more Treg cell TCRs (Fig-
ure 2A, data points above reference line in the left panel). The ef-
fect of MHC II deficiency in BM APCs on the Treg cell population
as a whole was much greater than the effect of C2TAkd on
mTECs, suggesting that BM APCs facilitate Treg cell selection
ofmore frequent Treg cell TCRs (60%compared to20%, Fig-
ure 2B). PCA analysis confirmed that a cluster of TCRs associ-416 Immunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc.ated with Treg cell selection (blue arrow) was present in both
MHC II-deficient BM and C2TAkd mTEC conditions (Figure 2C).
These results suggest that both APC types are directly involved
in Treg cell selection.
BM APCs and mTECs presumably present distinct arrays of
antigens related to different mechanisms of antigen processing
and presentation, as well as different transcriptional landscapes
partially attributable to the expression of Aire in mTECs. How-
ever, antigen transfer from mTECs to BM APCs may blur the
distinction between antigens that are specific to mTECs or
BM APCs. We therefore asked whether the TCR repertoires
selected by BM APCs versus mTECs were similar. The Treg
and Tconv cell repertoires within each experimental condition
were different, as suggested by the uniformly low similarity
values measured by the abundance-weighted Morisita-Horn in-
dex (Figure S2C) and PCA (Figure S2D). This is in agreement with
the notion that Treg cell selection is determined by self-recogni-
tion on the remaining APCs (Jordan et al., 2001; Lee et al., 2012;
Moran et al., 2011). Consistent with the estimated effect on the
Treg cell TCR repertoire (Figure 2B), the Morisita-Horn index
showed dissimilarity between the Treg cell TCR repertoires of
MHC II-deficient versus WT BM conditions (Figure 2E), which
was not due to variability between mice (Figure S2E). The Treg
cell TCR repertoire selected by BMAPCswas also quite different
than that selected bymTECs (0.1, Morisita-Horn index, Figures
2F and S2F). Thus, these findings suggest that ablation of MHC II
on BM cells has more profound effects on the Treg cell popula-
tion than does silencing of MHC II on mTECs.
The difference in the Treg cell TCR repertoire suggested by
global analysis could also be visualized upon inspection of
the 15 most frequent Treg cell TCRs in WT mice (Figures 2G
and S2G). There was a marked reduction of ten TCRs in MHC
Immunity
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TCRs, often with concomitant increase in the Tconv cell subset
(Figure S2G). By contrast, only 6 of the 15 most frequent TCRs
were decreased with silenced MHC II in mTECs. We confirmed
the Treg cell TCR sequencing data by retroviral expression of
the BM APC-dependent Treg cell TCR G41 in Rag1–/– thymo-
cytes followed by intrathymic transfer of these cells into mouse
chimeras with selective MHC II deficiency on BM APCs or
mTECs (Figure S4A).
Despite the involvement of mTECs in selecting Treg cells with
certain TCR specificities (Figures 2A–2C), Morisita-Horn analysis
of the Treg cell TCR repertoires between C2TAkd and WT
showed high similarity (Figure 2E). A follow-up assessment of
the top 15 C2TAkd Treg TCRs revealed that the top three most
frequent TCRs are also the top three most frequent Treg cell
TCRs in the WT (Figure 3A), which was not the case with BM
APCs (Figure 2G). Because the Morisita-Horn similarity index is
abundance weighted, we asked whether successive removal
of these TCRs from the analysis would alter this similarity.
Indeed, removal of the top three TCRs suggested that, similar
to BM APCs, mTECs do select a substantial portion of the
Treg cell TCR repertoire, albeit less frequent Treg cell TCRs (Fig-
ure 3B). This effect was not observed with removal of the top
three TCRs from WT repertoires (Figure S3A). As independent
validation, retroviral expression of mTEC-dependent Treg cell
TCRs confirmed that MHC II presentation by mTECs was impor-
tant for Treg cell selection (Figures 3C, 4, and S3B). These results
suggest that a substantial portion of the Treg cell repertoire is
selected via antigen presentation by mTECs.
DCs Are the Primary BM APC Subset Involved in Treg
Cell Selection
Because BM APCs consist of multiple populations capable of
antigen presentation, we next sought to identify the population
mediating Treg cell selection. To do so, we used mice in which
conventional DCs are constitutively deleted via a CD11c-cre
transgene that activates diphtheria toxin conditionally expressed
under the control of the ROSA locus (Ohnmacht et al., 2009).
Thymocytes with retroviral expression of the top four WT Treg
cell TCRs (G25, G69, G41, R19) showed poor Treg cell develop-
ment in CD11c-cre ROSA-DTA mice in comparison with WT or
C2TAkd mice (Figures 4 and S4B). By contrast, the mTEC-
dependent TCR G126 showed normal Treg cell selection in WT
and CD11c-cre ROSA-DTA mice but not in C2TAkd mice (Fig-
ures 4 and S4B). These findings suggest that conventional DCs
are the primary BM-derived APC subset that mediates thymic
Treg cell selection.
Aire Is Required for Selection of a Subpopulation of
Thymic Treg Cells
An important feature of mTECs is their expression of Aire, a gene
responsible for promiscuous expression of tissue-specific anti-
gens (Anderson and Su, 2011; Mathis and Benoist, 2009). The
role of Aire in Treg cell selection has been controversial (Ander-
son et al., 2005; Daniely et al., 2010; Malchow et al., 2013).
Therefore, we assessed the TCR repertoire of Aire–/– mice with
a TClib transgene (Figures S5A–S5C). We found that a number
of Tconv and Treg cell TCRs were enriched in Aire–/– compared
to isogenic Aire+/+ mice (Figures 5A, 5B, and S5D), suggestingImthat Aire plays a role in negative selection of both Tconv and
Treg cells.
We also observed that a number of Treg cell TCRs were signif-
icantly diminished in frequency in Aire–/– mice, consistent with
Aire-dependent Treg cell selection (Figures 5A, 5C, and S5E).
This contrasted with the high degree of similarity between Aire-
deficient and -sufficient Treg cell TCR repertoires based on the
Morisita-Horn similarity index. However, we found that this was
based primarily on the top three TCRs, as their removal markedly
lowered the Morisita-Horn similarity values (Figure 5D), consis-
tent with an effect of Aire on lower-frequency TCRs. Thus, de-
pending onwhether the analytic approach favorsmore abundant
TCRs or assesses them at an individual TCR level, Aire may be
viewed as having no effect to having a significant effect on
Treg cell selection, potentially explaining previously conflicting
studies on the role of Aire in Treg cell selection (Daniely et al.,
2010; Malchow et al., 2013).
Because Aire is exclusively expressed in TECs in the thymus,
we asked whether Aire-dependent TCRs were selected via anti-
gen presentation by mTECs. Consistent with this hypothesis,
Morisita-Horn analysis indicated that the Aire-deficient Treg
cell TCR repertoire was quite similar to the C2TAkd repertoire
(0.8) but not to the MHC II-deficient BM Treg cell TCR reper-
toire (0.35). However, upon removal of the top three TCRs
from the analysis, the Aire-deficient Treg cell TCR repertoire
was much less similar to the C2TAkd repertoire (0.5) and
equivalently similar to the MHC II-deficient BM repertoire
(0.5, Figures 5D and S5E), consistent with a role for Aire in se-
lecting lower-frequency Treg cell TCRs. Cross-referencing the
list of Treg cell TCRs that were Aire dependent with those that
were BM APC or mTEC dependent confirmed the substantial
role of both BM APCs and mTECs in mediating Aire-dependent
central tolerance (Figures 5B and 5C). This can also be visual-
ized in the analysis of the top 15 Treg cell TCRs found inWT con-
dition (Figure 5E). Of the seven TCRs that were Aire dependent
(G25, G41, G126, R25, R35, JP13, R117), four were also depen-
dent on BM APCs (G25, G41, R35, R117) and two on mTECs
(G126, R25). These findings suggest that the presentation
of Aire-dependent antigens by BM APCs plays a major role in
central tolerance.
To independently confirm these sequencing analyses, we
used retrovirus to express Aire-dependent Treg cell TCRs in
Rag1–/– thymocytes and then assessed Foxp3+ Treg cell devel-
opment in Aire-deficient or -sufficient hosts. The in vivo behavior
of six Aire-dependent and five Aire-independent Treg cell TCRs
recapitulated the patterns observed via TCR sequencing (Fig-
ures 5F andS5F). This sample set of Treg cell TCRs also included
those dependent on MHC II presentation by CD11c+ DCs or
mTECs as assessed previously (Figures 3 and 4), confirming
the nonredundant roles of these APC subsets in mediating the
effects of Aire seen by TCR sequencing. Thus, while many
Aire-dependent Treg cell TCRs are selected in response to autol-
ogous antigen presentation by mTECs, others are selected via
antigen presentation by CD11c+ DCs that do not express Aire.
Aire has been suggested to facilitate the recruitment of DCs via
production of chemokines by mTECs (Lei et al., 2011). However,
Aire deficiency did not abrogate all Treg cell selection by BM
APCs, as six of ten common BM-dependent Treg cell TCRs
were Aire independent by TCR sequencing (Figure 5E).munity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc. 417
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Figure 2. Role of BM APCs and mTECs in Thymic Treg Cell Selection
(A) Changes in Treg cell TCR frequency with manipulation of MHC II expression on BM APCs or mTECs. Data shown are the frequency of Foxp3+ CD4SP TCRs in
MHC II-def. BM or C2TAkd versus control chimeras as per Figure 1A.
(B) Summary of effects on the Treg cell TCR repertoire with modulating MHC II on mTECs or BM APCs. Data shown are the percentage of unique TCRs (top) or
total sequences (bottom) in the filtered data set that are interpreted to undergo APC-dependent negative selection (left) or Treg cell selection (right), based on
statistical significance andR80% percent change in frequency versus WT. Note that negative selection is based on all of the TCRs in a given plot in (A), whereas
Treg cell selection represents the frequency of the WT repertoire that is dependent on the indicated APC to avoid incorporating effects of negative selection.
(legend continued on next page)
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Figure 3. mTECs Select a Substantial
Portion of the Thymus-Derived Treg Cell
Repertoire
(A) Analysis of individual Treg cell TCRs from
C2TAkd chimeras. The mean frequency ± SEM of
the top 15 Foxp3+ TCRs in the C2TAkd data set are
shown sorted by frequency, along with the corre-
sponding frequency in the WT and MHC II-def. BM
data sets.
(B) Change in Morisita-Horn index with removal of
most common TCRs. Similarity between Foxp3+
TCR repertoires of C2TAkd versus WT (left) and
MHC II-def. BM APC versus WT (right) were as-
sessed after removing the top one, two, or three
highest-frequency WT TCRs from the analysis.
(C) In vivo validation of Treg cell TCRs dependent
on mTEC antigen presentation. Three high-fre-
quency mTEC-dependent Treg cell TCRs were
identified by sequencing, including G126, a com-
mon C2TAkd Treg cell TCR reduced in frequency
in comparison with WT (A). TCR-expressing
Rag1/ thymocytes were injected into the thymi
of WT or C2TAkd hosts and analyzed at
2.5 weeks for Foxp3 expression by flow cy-
tometry by gating on CD45.1+CD45.2–Va2+
CD4SP cells. Data were pooled from at least two
independent experiments with two replicates per
experiment.
See also Figure S3.
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Thymic APC Subsets Tolerize Distinct RepertoiresMoreover, four of eight BM APC-dependent TCRs expressed on
Rag1–/– thymocytes in vivo also facilitated Treg cell selection in-
dependent of Aire as predicted based on TCR sequencing (Fig-
ure 5F). Thus, Aire does not appear to affect Treg cell selection
via a global effect on the total thymic DC population.
BATF3-Dependent CD8a+ DCs Preferentially Acquire
and Present Aire-Dependent Antigens to Mediate Treg
Cell Selection
BM APCs play a major role in Aire-dependent and -independent
Treg cell selection (Figure 5C). As there are a number of distinct
cell types within the BM APC population, we sought to identify
the subset(s) relevant to Treg cell selection. Our data using retro-
viral TCR expression in thymocytes suggested that themajor BM
APC subset responsible for Treg cell selection were CD11c+ DCs
(Figure 4). Thymic CD11c+ DCs can be subdivided into two pri-
mary subsets, the SIRPa+ DCs and CD8a+ DCs, which may be
functionally redundant because they both acquire and present
blood-derived antigens (Atibalentja et al., 2011). To test whether
CD8a+ DCs were necessary for Treg cell selection, we used a
retroviral vector to express BM APC-dependent Treg cell TCRs(C) PCA of TCR frequencies. As in Figure 1C, red dots/arrow correlate with nega
black dots/arrow unaffected TCRs, and blue dots/arrow Treg cell TCRs (varianc
(D) BMAPCs negatively select TCRNS1 in vivo. Data shown are representative flow
thymocytes retrovirally transduced with NS1 and transferred intoWT versus C2TA
least two independent experiments with two replicates per experiment). ***p < 0
(E and F)Morisita-Horn similarity analysis of Treg and Tconv cell TCR repertoires. I
repertoire, whereas in (F) the comparison is between the MHC II-def. BM APC an
completely similar and an index value of 0 means they are completely dissimilar
(G) Analysis of individual Treg cell TCRs from the WT condition. The mean freque
data sets are shown sorted by frequency, along with the corresponding frequen
See also Figure S2.
Imin Rag1–/– thymocytes and intrathymically transferred these cells
into CD8a+ DC-deficient Batf3–/– hosts (Figure S6A; Hildner
et al., 2008). We observed that CD8a+ DCs were required for
four out of eight BM APC-dependent TCRs tested (Figures 6A
and S6B). By contrast, depletion of plasmacytoid DCs in the
thymus had no effect on Treg cell selection of four BM APC-
dependent TCRs (Figures 6B and S6C). We conclude that in a
polyclonal repertoire, CD8a+ DCs and SIRPa+ DCs play nonre-
dundant roles in Treg cell selection.
CD8a+ DCs were required for Treg cell selection of TCRs co-
dependent on Aire and BM APCs, as all four CD8a+ DC-depen-
dent Treg cell TCRs were Aire dependent, whereas all four
CD8a+ DC-independent Treg cell TCRs were Aire independent
(Figures 5E, 5F, and 6A). To assess whether our observations
reflect antigen transfer from mTECs to CD8a+ DCs, we gener-
ated BM chimeras in which host cells (i.e., mTECs) expressed
GFP under the chicken beta actin promoter and analyzed the
acquisition of GFP by congenically marked donor DCs.We found
that CD8a+ DCs acquired significantly more GFP than SIRPa+
DCs, consistent with antigen transfer from mTECs to CD8a+
DCs (Figure 6C). However, it is possible that the increasedtively selected TCRs (variances: MHC II-def. BM = 17.5%, C2TAkd = 11.6%),
es: MHC II-def. BM = 41.6%, C2TAkd = 28.0%).
cytometry plots (top) and summary (bottom) of intrathymic injection ofRag1–/–
kd (left) or WT versus MHC II-def. BM (right) chimeric mice (data pooled from at
.001, Mann-Whitney U.
n (E), the TCR repertoire from eachMHCmanipulation is comparedwith theWT
d C2TAkd repertoires. An index value of 1 indicates that the two samples are
.
ncy ± SEM of the top 15 individual Foxp3+ CD4SP TCRs from aggregated WT
cy in the C2TAkd or MHC II-def. BM Treg cell TCR repertoires.
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Figure 4. Thymus-Derived Treg Cell Selection Is Primarily Dependent on CD11c+ Dendritic Cells
The top five WT Treg cell TCRs, of which the top four are BM APC dependent, were retrovirally transduced into Rag1–/– thymocytes, which were intrathymically
injected into WT, CD11c-Cre ROSA-DTA, or C2TAkd hosts. Data shown are representative flow cytometry plots (left) and summary graphs (right) with each dot
representing the data from one host. Each TCRwas analyzed in at least two independent experimentswith two to three replicates. **p < 0.01, ***p < 0.001, ns = not
significant (Mann-Whitney U). Bars indicate mean ± SEM. See also Figure S4.
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Thymic APC Subsets Tolerize Distinct Repertoiresamount of GFP in CD8a+ DCsmight reflect a differential ability to
degrade GFP. Therefore, we tested whether host-cell-generated
antigens could be presented on MHC II of donor cells by gener-
ating BM chimeras with H-2b donors into H-2d hosts
and assessing the presentation of host-derived Ea on donor
I-Ab using the monoclonal antibody YAe (Humblet et al., 1994;
Rudensky et al., 1991). Indeed, CD8a+ DCs presented more Ea
on I-Ab than SIRPa+ DCs, corroborating our hypothesis that
CD8a+ DCs are more efficient at acquiring and presenting
mTEC-derived antigens (Figure 6D). Taken together, these find-
ings suggest that CD8a+ DCs show an enhanced ability
compared with SIRPa+ DCs to acquire and present antigens420 Immunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc.from thymic epithelial cells. Thus, our results indicate that
CD8a+ DCs play an important role in acquiring and presenting
Aire-dependent antigens for thymic Treg cell development.
DISCUSSION
Thymocyte encounter with self-antigen in the thymic medulla is
crucial for the generation of self-tolerance—a process notable
for its involvement of a myriad of APCs and transcription
factors. Although previous work has suggested contributions
of each APC subset and Aire to T cell tolerance at a popu-
lation level, it remained unclear whether these components
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Figure 5. Aire Selects a Subset of Thymic Treg Cells
(A) Changes in TCR frequency with Aire. The frequencies of Foxp3– (top) and Foxp3+ (bottom) TCRs in WT and Aire–/– mice are plotted as in Figures 1A and 2A.
Red dots indicate TCRs that are significantly different by Mann-Whitney U (p < 0.05).
(B and C) Summary of the effects of Aire on the TCR repertoire. Data shown are the percentage of unique TCRs (top) or total sequences (bottom) interpreted to
undergo Aire-dependent negative selection (B) or Treg cell selection (C), as described in Figures 1B and 2C.
(D)Morisita-Horn similarity analysis of Treg cell TCR repertoires fromAire–/– versusWTmice (top), orMHC II-def. BM (middle) or C2TAkd (bottom), with leave-one-
out analysis of the highest-frequency Aire–/– TCRs as per Figure 3B.
(E) Analysis of the top 15WTTreg cell TCRs for their dependence onBMAPCs,mTECs, andAire. The heatmap shows the effect of an indicated experimental condition
on an individual TCR (% of TCR in condition / [% inWT +% in condition]). Values <0.5 indicate a loss of the TCR in the condition (green color), implying that Treg cell
selectionof theTCRisdependentonthecondition.Redrepresentsvalues>0.5 indicatingenrichmentofTCR incondition relative toWT,suggestiveofnegativeselection.
(F) In vivo analysis of BM APC- and mTEC-dependent Treg cell TCRs. As per Figure 3, Treg cell differentiation in response to Aire was assessed using Rag1–/–
thymocytes transduced with retrovirus-expressed Treg cell TCRs showing varying dependence on Aire, BM APCs, and mTECs by TCR repertoire analysis. Each
TCRwas tested in at least two independent experiments with one to three replicates per experiment. Each dot represents data from a single host. Mann-Whitney
U test, ***p < 0.001. See also Figure S5.
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Figure 6. CD8a+ DCs Preferentially Acquire and Present Aire-Dependent Antigens to Developing Treg Cells
(A) In vivo analysis of the role of CD8a+ DCs in Treg cell selection of TCRs dependent on both BM APCs and Aire. As in Figure 3, Rag1–/– thymocytes expressing
TCRs were injected into the thymi of Batf3–/– or WT hosts.
(B) Plasmacytoid DCs are not required for Treg cell differentiation of Aire- and BM APC-codependent Treg cell TCRs. As per (A), except the Treg cell TCRs were
tested in CLEC4C-HBEGF mice treated with diphtheria toxin (120 ng/mouse) or PBS.
(C) Protein transfer from radioresistant host thymic cells to CD8a+ and SIRPa+ DCs. BM chimeras of Ly5.1 (donor) into Actin-GFP (host) mice were harvested after
4 weeks, and presence of host-derived GFP in donor DCs was assessed. Representative flow cytometry histogram overlays and pooled data are shown.
(D) Antigen transfer from radioresistant thymic epithelial cells to CD8a+ DCs. BM chimeras of Ly5.1 H-2b (donor) into H-2d (host) mice were harvested after
4 weeks. The presence of host-derived Ea 52-68 peptide bound to I-Ab on donor DCs was assessed using the YAe antibody. *p < 0.05, **p < 0.01, ***p < 0.001,
ns = not significant (Mann-Whitney U). Plots shown are pooled from at least two experiments with one to three replicates per experiment. Each dot represents
data from an individual host. See also Figure S6.
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Thymic APC Subsets Tolerize Distinct Repertoiresfunctioned uniquely or redundantly. Here, we made several ob-
servations regarding CD4+ T cell tolerance by analyzing TCR
repertoires in a fixed TCRb model. First, mTECs and BM
APCs make nonredundant contributions to deletion and Treg
cell selection, suggesting that each APC subset differs in the
self-antigens that they functionally display. Within the BM
APC population, CD11c+ DCs were the primary subset
involved in Treg cell selection. Second, Aire expression in
mTECs affected both deletion and Treg cell selection. How-
ever, Aire had a greater impact on lower-frequency TCRs,
which may explain previous conflicting reports depending on
whether the analysis favored more global or more individual
T cell clonal assessments. Third, the presentation of antigens
induced by Aire occurred by both BM APCs and mTECs.
Because Aire is not expressed in BM cells, this implies that an-
tigen transfer is a major mechanism involved in Aire-dependent
tolerance. Finally, of the thymic DC subsets, BATF3-dependent
CD8a+ DCs were primarily responsible for taking up Aire-
dependent antigens from mTECs for inducing Treg cell selec-
tion. Thus, these data reveal a remarkable complexity and422 Immunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc.interdependence between Aire and the medullary APC
subsets.
The extent of negative selection by BMAPCs andmTECs esti-
mated by our TCR repertoire analysis is within range of previous
estimates. For example, it has been suggested that BM APCs
may delete up to half of the positively selected CD4+ T cell pop-
ulation based on the observation that chimeras withMHC II-defi-
cient BM donors had anywhere from 50% (Hinterberger et al.,
2010) to 70% (van Meerwijk et al., 1997) greater CD4SP cell
numbers. Similar results were reported for genetic depletion of
DCs (Ohnmacht et al., 2009) and deletion of MHC II on DCs
(Liston et al., 2008). However, a recent report by Sawicka et al.
(2014) incorporating mathematical modeling suggests that
only 10% of CD4SP cells undergo negative selection in total.
For mTEC-mediated negative selection, it was reported that
C2TAkd mice have an increase of 20% in CD4SP cells and
46% in Treg cells (Hinterberger et al., 2010).
Our TCR repertoire analysis suggested that 30% and 10%
of the CD4SP population were negatively selected by BM
APCs and mTECs, respectively. This is based primarily on our
Immunity
Thymic APC Subsets Tolerize Distinct Repertoiresestimates of negative selection in Tconv cells, because nega-
tively selected Treg cells are 1/10th in number. Potential differ-
ences between these various estimates could arise from the
different analytic approaches. For example, extrapolating nega-
tive selection from changes in CD4SP cell numbers may not ac-
count for differences in cell survival, proliferation, or emigration.
Additionally, our use of a fixed TCRb chain may not entirely
reflect the WT TCR repertoire. However, data from previous
groups using limited repertoire models have generally been
consistent (Hsieh et al., 2004; Pacholczyk et al., 2007; Wong
et al., 2007), albeit sometimes with different interpretations
(Hsieh et al., 2012; Klein et al., 2014). The use of MHC II-deficient
BM APCs does not exclude the possibility that they may be able
to acquire intact MHC II from mTECs. Finally, the use of C2TAkd
may underestimate the contribution ofmTECs as the blockade of
MHC II synthesis is incomplete (Hinterberger et al., 2010). While
further studies are required to resolve these quantitative differ-
ences, our data support the pre-existing notion that BM APCs,
and to a lesser extent mTECs, both play important and nonre-
dundant roles in the negative selection of a substantial number
of TCR clones.
By contrast, our TCR repertoire analysis revealed a major
alteration in Treg cell selection imparted by BM APCs, which
was unexpected based on current studies. Previously, it was
suggested that BM APCs were not required for Treg cell selec-
tion as normal Treg cell frequencies or numbers occurred with
expression of MHC II only on thymic cortical epithelial cells
(Bensinger et al., 2001) or with ablation of MHC II on DCs (Hinter-
berger et al., 2010; Liston et al., 2008). Our TCR repertoire anal-
ysis suggests that BM APCs alter the composition of the thymic
Treg cell repertoire without changing overall Treg cell numbers
by facilitating both the addition and removal of TCR clones
from the Treg cell population.
Our data may help resolve an ongoing controversy regarding
the role of Aire in Treg cell selection. Some have argued against
a role for Aire in Treg cell selection based on normal polyclonal
Treg cell numbers (Anderson et al., 2005) and minimal change
in the global TCR repertoire in a limited TCR repertoire model
(Pacholczyk et al., 2007). Others have reported that there are dif-
ferences in Treg cell numbers in Aire-deficient mice (Lei et al.,
2011) and that two TCR transgenic lines were dependent
on Aire for thymic Treg cell selection (Malchow et al., 2013).
Our TCR repertoire analysis suggests that Aire affects both
Treg cell selection and deletion. However, because Aire more
commonly affects lower-frequency TCRs, its effect is likely
masked when analyzing bulk Treg cell numbers or TCR reper-
toire similarity using abundance-weighted assessments.
In addition to addressing the role of Aire on Treg cell selection,
we quantified the antigen presentation requirements for Aire by
cross-referencing sequences from Aire and APC data sets. Our
observation of mTEC- and Aire-codependent Treg cell TCRs is
consistent with recent studies showing that antigens expressed
in mTECs can be autologously presented via an autophagy-
dependent pathway (Aichinger et al., 2013; Nedjic et al., 2008).
Unexpectedly, we also found that many Aire-dependent Treg
cell TCRs were dependent on BM APCs. Because Aire is not ex-
pressed in BM APCs, our findings suggest that mTEC antigens
are transferred to BM APCs, a phenomenon that has been
observed at the level of individual antigens using TCR transgenicImmodels or MHC II tetramers (Gallegos and Bevan, 2004; Hubert
et al., 2011; Koble and Kyewski, 2009; Taniguchi et al., 2012).
Our data suggest that the process of antigen transfer is quite
common, being involved in approximately 50% of Aire-depen-
dent deletion and Treg cell selection.
Because the TCR repertoire studies were performed at the
level of individual TCRs, we were able to utilize sequencing re-
sults to isolate representative TCRs to further interrogate the
BM APC population involved in the transfer and presentation of
Aire-dependent antigens. Our in vivo analysis of TCRs that
were codependent on BM APC and Aire revealed that CD8a+
DCs were required for antigen transfer-mediated Treg cell selec-
tion. Consistent with this, we found that CD8a+ DCs were more
efficient than SIRPa+ DCs at acquiring I-Ea and the neo-self
antigen GFP from thymic stromal cells. Although previous work
demonstrates that CD8a+ and SIRPa+ DCs equivalently present
blood-derived antigens (Atibalentja et al., 2011), our results
suggest that CD8a+ DCs may have additional properties that
facilitate antigen transfer from mTECs. One such property may
be the expression of the chemokine receptor XCR1 by thymic
CD8a+ DCs, which recognizes XCL1 produced by mTECs in an
Aire-dependent manner (Lei et al., 2011) and could facilitate
DC:mTEC interactions. Taken together, these data suggest
that BATF3-dependent CD8a+ DCs are the primary BM APC
subset responsible for antigen transfer-mediated Treg cell selec-
tion of Aire-dependent antigens.
BATF3deficiencywaspreviously reported to result in the lossof
the CD8a+ DC subset by phenotypic markers and functional as-
says in the periphery (Hildner et al., 2008). Similarly, we observed
functional deficiencies in the selection of certain Treg cell TCR
clones associated with loss of phenotypic CD8a+ DCs. However,
our data cannot definitively exclude the possibility that DCs in
the CD8a+ lineage remain with altered function and cell-surface
phenotype in BATF3-deficient mice. It is worth noting that the dif-
ference in CD8a+ and SIRPa+ DCs in presenting mTEC-derived
antigensmaybequantitative, aswedid seeantigen transfer occur
with both DC subsets. Further studies will be required to address
the role of SIRPa+ DCs in T cell selection at the clonal level.
Another distinct property of CD8a+ DCs is that they are much
more efficient at cross-presenting exogenous antigens onto
MHC I than other DC subsets (Hildner et al., 2008; Joffre et al.,
2012; Proietto et al., 2008a). It is notable that thymic deletion of
MHC I-restricted T cells has also been shown to occur via antigen
transfer to BM APCs (Gallegos and Bevan, 2004; Hubert et al.,
2011). Thus, we speculate that the ability to cross-present would
allow CD8a+ DCs to efficiently educate both CD4+ and CD8+
T cells to self-antigens acquired from Aire-expressing mTECs.
If CD8a+ DCs play an important role in Treg cell selection, why
has spontaneous autoimmunity not been reported for Batf3–/–
mice? In this regard, it is interesting to note that immunopa-
thology is reportedly mild in Aire–/– mice on the same C57BL/6
background as the mice in our study (Hubert et al., 2009). For
Batf3–/– mice, an additional possibility is that CD8a+ DCs are
required both for selection in the thymus and activation of the
same TCR specificities in the periphery (Klein et al., 2014). Future
studies are required to address these possibilities.
In summary, our analysis of a fixed TCRb repertoire pro-
vides insights into how medullary APCs and Aire educate the
developing T cell population. We have shown that both mTECsmunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc. 423
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Thymic APC Subsets Tolerize Distinct Repertoiresand BM APCs make nonoverlapping contributions to thymic
deletion and Treg cell selection to shape the mature CD4+
T cell population and that Aire mediates its effects via both BM
and mTEC antigen presentation. Furthermore, we have demon-
strated that of the BM APCs, CD8a+ DCs primarily acquire and
present Aire-dependent antigens to developing Treg cells. How-
ever, it remains unclear why certain Aire-dependent TCRs un-
dergo Treg cell selection on mTECs and others on BM APCs.
Is it because some antigens are more readily loaded onto MHC
II via macroautophagy for autologous presentation on mTECs,
whereas other antigens are not? Are there specific features of
Aire-dependent antigens such as cell surface association that
favor transfer to CD8a+ DCs? Thus, future experiments are
required to understand the mechanistic and functional rationale
for the transfer of Aire-dependent antigens from mTECs to
CD8a+ DCs in mediating central tolerance.
EXPERIMENTAL PROCEDURES
Mice
All experiments involving mice were performed using protocols approved by
the Washington University Animal Studies Committee. Mice were on a
C57BL/6 genetic background. Animals were housed and bred in a specific-
pathogen-free animal facility. TClib mice (Wong et al., 2000) and Batf3–/–
mice (Hildner et al., 2008) have been previously described. CLEC4C-HBEGF
(BDCA2-DTR) mice were a gift from M. Colonna (WUSTL); CD11c-cre 3
ROSA-DTA; C2TAkd mice were from L. Klein (LMU Munich); b-actin-GFP
mice were from M. Miller (WUSTL); and Foxp3gfp mice were from A. Rudensky
(MSKCC). MHC II-deficient (Stock# 003239), Aire–/– (Stock# 004743), Rag1–/–
(Stock# 002216), and Foxp3IRES-GFP (Stock# 006772) mice were purchased
from The Jackson Laboratory. Animals were typically 6–8 weeks old at the
time experiments were performed.
Reagents, Antibodies, and Flow Cytometry
Fluorescently conjugated antibodies were purchased from Biolegend,
eBioscience, and Becton Dickenson. YAe anti-I-Ab:Ea peptide was obtained
from Affymetrix. Samples were analyzed using a FACSAria (Becton Dickinson)
and data were processed with FlowJo (Treestar).
Thymic Dendritic Cell Isolation
Based on Hildner et al. (2008), whole thymus wasmechanically separated with
scissors and digestedwith Liberase (125 mg/ml, Roche) and DNase I (50 mg/ml,
New England Biolabs) in DMEM for 30 min at 37C.
TCR Sequencing
Synthesis of TCRa cDNAs from purified T cells was performed as described
(Hsieh et al., 2006). PCR was performed using a forward primer containing the
GS FLX Titanium Amplicon Primer A sequence followed by sequence directed
against TRAV14 (italics) 50-CGTATCGCCTCCCTCGCGCCATCAGATGGA
CAAGATCCTGACAGC-30. The reverse primer contained the GS FLX Titanium
Series Lib-A or Lib-L primer, followed by an 8 or 12 bp error correcting barcode
(Ns) (Fierer et al., 2008) and a sequence complementary to C alpha (italics), 50-
CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNACACAGCAGGT
TCTGGGTTC-30 and 50-CTATGCGCCTTGCCAGCCCGCTCAGNNNNNNN
NNNNNACACAGCAGGTTCTGGGTTC-30, respectively. The 500 bp ampli-
cons were quantified using Qubit (Invitrogen) and pooled in equimolar ratios
for emulsion PCR and 454 pyrosequencing (Titanium chemistry). Pyrose-
quencer reads were demultiplexed by sample and analyzed to determine the
CDR3 sequence. In brief, we used a custom BLAST database of V and J
sequences (acquired from IMGT) (Giudicelli et al., 2006) to determine the
boundaries of the V and J regions to identify the CDR3 amino acid sequence.
Assessment of Thymic Treg Cell Selection In Vivo
As described previously (Lathrop et al., 2011), TCRa chains of interest were
cloned into the TCRa-P2A-TClib retroviral vector. Foxp3IRES-GFPRag1–/– thy-424 Immunity 41, 414–426, September 18, 2014 ª2014 Elsevier Inc.mocytes were transduced with TCRs in vitro, injected intrathymically into
sublethally (600 rad) irradiated mice, and analyzed approximately 2.5 weeks
later. Inmany experiments, thymocytes were transducedwith TCR vector con-
taining an IRES-Thy1.1 marker and mixed with thymocytes transduced with a
TCR vector lacking Thy1.1 prior to injection.
Bone Marrow Chimeras
BMwas obtained by flushing donor humerus, tibia, and femur. After RBC lysis,
5 3 106 cells were injected into 1,000 rad lethally irradiated host mice.
Statistical Analysis
Graphpad Prism v.6, SPSS v.21, and R v.3.0.2 were used for statistical and
graphical analysis. The Mann-Whitney U test was used for between-subjects
analyses. PCA and k means clustering were performed to analyze individual-
group relationships. Morisita-Horn indices estimate species similarity between
data sets.
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